Pneumocystis carinii is an opportunistic fungal pathogen phylogenetically related to the fission yeast 
Introduction
Despite advances in prophylaxis and treatment, Pneumocystis carinii remains an important cause of life-threatening pneumonia in patients with impaired immunity. Patients with AIDS, organ transplantation, and those receiving chemotherapy are particularly vulnerable to P. carinii pneumonia. The case fatality rate of P. carinii pneumonia ranges from approximately 10 to 40%, being substantially higher in infected immunocompromised patients without AIDS (1-3). Unfortunately, a considerable number of patients are intolerant of the currently available agents used to prevent and treat this infection, such as sulfamethoxazole and pentamidine. The development of new chemotherapeutic agents to treat P. carinii pneumonia has been hampered by a limited understanding of the P. carinii life cycle.
Morphological and ultrastructural studies of infected lung tissues indicate that P. carinii alternates between numerous diminutive trophic forms and fewer larger cyst forms (4) . Trophic forms are known to preferentially bind Type I alveolar epithelial cells and eventually develop into mature cysts characterized by a thickened cell wall (5,6). The mature cyst, containing eight intracystic bodies, ruptures releasing these bodies as haploid trophic forms (4) . While the proliferation of P. carinii in the lung is thus enhanced by the attachment of trophic forms to lung epithelium, only recently have there been initial reports of limited success with in vitro cultivation of P. carinii in the absence of feeder cells (7) (8) (9) . However, long term in vitro propagation P. carinii has perennially remained a key obstacle in the investigations of the organism´s life cycle.
Based on DNA sequence analysis, P. carinii has been classified as a member of the fungi and is phylogenetically related to the fission yeast Schizosaccharomyces pombe (10) (11) (12) . The life cycle and the cell cycle of S. pombe have been well characterized and utilized to identify cell-division-cycle (cdc) genes in other organisms with obligate roles in cell proliferation (13) (14) (15) . Despite the fact that these cell-division-cycle genes are well conserved, it is known that diverse eukaryotic organisms differentially regulate their cell cycle machinery in response to environmental stimuli and other internal signaling pathways (16) .
In order to better understand molecular mechanisms which regulate progression of P. carinii´s cell cycle, we have sought to identify and characterize genes in P. carinii that are important regulators of cell cycle progression in related organisms. Accordingly, we began our investigations by demonstrating that P. carinii utilizes a cyclin dependent kinase, Cdc2, over its life cycle (17) . Activated Cdc2, in association with cyclin B (cdc13), phosphorylates a variety of targets, such as histones and nuclear laminins, to initiate mitosis (18, 19) . The kinase activity of Cdc2 is regulated by both inhibitory and stimulatory phosphorylations (20) .
One important positive regulator is the Cdc25 phosphatase which activates Cdc2 by removing the inhibitory phosphoryl group on Tyr 15 of Cdc2 (21, 22) . In fission yeast, Cdc25 protein levels and activity rise in the G2 phase of the cell cycle (23) . Therefore, at the G2/M border Cdc2 is able to phosphorylate and activate Cdc25, initiating an autofeedback loop resulting in a rapid entry into mitosis (24, 25) . In addition to mitotic control, Cdc25 has roles in regulating meiosis and imposing a checkpoint arrest in the DNA repair and DNA replication processes (26) (27) (28) (29) (30) (31) 
RESULTS

Cloning of the P. carinii Cdc25 Mitotic Phosphatase-A degenerative PCR
approach was taken to determine whether P. carinii contained a Cdc25 homolog.
Because the active site of Cdc25 family members is highly conserved across species, degenerate primers were designed from the CH2A and CH2B domains flanking the catalytic site. To optimize the efficiency of the degenerate primers, codon bias was used to reflect the adenine/thymine rich (>65%) P. carinii DNA (46). A 280 base-pair product was amplified from P. carinii genomic DNA.
Sequencing the product revealed that the 280 base-pair fragment was unique but homologous to Cdc25 genes from other organisms (data not shown). To confirm the P. carinii-origin of the amplicon, it was hybridized to rat-derived P. carinii chromosomes separated by contour-clamped homogenous field electrophoresis (CHEF). Under high stringency, the amplicon hybridized to a single chromosome from P. carinii and to a 2.3-kb P. carinii RNA transcript ( Fig. 1 and data carinii, and S. pombe. The P. carinii cdc25 + primers amplified products from only P. carinii-infected lungs and isolated P. carinii (Fig. 3A) . Rat cdc25 + primers only generated a product from rat lung and P. carinii-infected rat lung, while S. pombe cdc25 + primers specifically produced a transcript from S. pombe cDNA. Having verified the origin of the cDNA, we wished to determine the gene expression pattern in the two major life forms of P. carinii. From northern analysis, the P. carinii cdc25 + transcript was expressed in both the trophic and cyst form, with a moderate increase in expression in the cysts (Fig. 3B) . These results, in addition to the CHEF hybridization and nucleotide and amino acid sequence differences, clearly demonstrate the Cdc25 gene product is from P.
carinii and is expressed in both life cycle forms.
PcCdc25 Exhibits In Vitro Phosphatase Activity-Cdc25 proteins are dual specific phosphatases known to catalyze the transition from various cell cycle checkpoints (25, 28, 48, 49) . In order to determine whether the P. carinii Cdc25 homolog had similar enzymatic activity as that seen for other Cdc25 proteins, we To ensure that the phosphatase activity observed in figure 4 reflected an enzymatic activity of GST-PcCdc25 and not some bacterial contaminant, a 432CysàAla mutation was introduced in the predicted catalytic domain of GSTPcCdc25. This mutation abolishes phosphatase activity by deletion of the active site nucleophile (43) . As shown in figure 4 , the introduced mutation abolished P.
carinii Cdc25 activity. In addition, the GST-PcCdc25 fusion protein was purified to >80% purity using a gel filtration and ion exchange (Mono Q) chromatography (data not shown). The resulting purification resulted in a seven fold increase in the specific activity of the protein. Moreover, the K m of the Mono Q purified enzyme (average of two preparations) remained very close to the partially purified protein (15 vs. 17 mM, respectively) but the V max increased from 6 to 15 nmoles¯min -1¯m g -1 . These data not only documented that the phosphatase activity was due to the added fusion protein, but strongly suggested that GSTPcCdc25 has a similar active site to other Cdc25 proteins.
P. carinii Cdc25 Rescues cdc25-22 Temperature-Sensitive Mutants Thereby
Restoring Growth-The absence of defined genetics and culture systems makes it difficult to do genetic manipulations in P. carinii. As such, it is presently not possible to directly examine the role of the P. carinii Cdc25 homolog in P. carinii proliferation. However, to overcome that limitation, we determined whether the clone containing the PcCdc25 homolog (Fig. 5C) . Moreover, clones grown in the presence of thiamine, which represses expression of the PcCdc25 cDNA, were unable to grow (Fig. 5D) . The growth of pREP-SpCdc25 in the presence of thiamine ( Fig 5D, panel 2) , reflects the intact promoter activity upstream of the genomic S. pombe Cdc25 sequence. Therefore, in the context of a heterologous fungal system, the P. carinii Cdc25 homologue is able to initiate mitosis and support fungal growth.
PcCdc25-complemented cdc25-22 Cells Restores the DNA Damage Checkpoint
But Not the DNA Replication Checkpoint Pathway-Checkpoint pathways in eukaryotic cells ensure that genomic integrity is maintained in the response to environmental and genotoxic stress (51). In fission yeast, the entry into mitosis is blocked when DNA synthesis is incomplete or when DNA is damaged by such agents as ionizing radiation (52) . The G2/M checkpoint is imposed by a signal transduction system that ultimately leads to the sequestration of the Cdc25 protein into the cytoplasm (mediated by Rad24, a 14-3-3 protein) and/or inactivation of Cdc25 activity. These events prevent the phosphatase from activating Cdc2 (34) (35) (36) 49 (Figs. 1-2) . The predicted amino acid sequence contains a consensus HCXXXXXR motif in the active site and many other consensus sites found in the Cdc25 family (47). We show that the cdc25 + transcript is specific for P. carinii and is expressed in both the trophic and cyst life cycle forms (Fig. 3) . The Cdc25 homolog contains in vitro phosphatase activity and demonstrates similar kinetic parameters to other Cdc25 homologs (Fig. 4) . Since molecular genetics in P. carinii is currently not feasible, we examined the function of PcCdc25 in a heterologous fungal system with a temperature sensitive deficiency of endogenous Cdc25. The results demonstrate that the PcCdc25 cDNA rescues the defect and supports growth of the cdc25-22 strain (Fig. 5) (Fig. 6) , the S/M DNA replication checkpoint, as tested with HU, was impaired (Fig. 7) . Thus, PcCdc25 is capable of dissociating the signals regulating normal proliferation and checkpoint control.
Although the P. carinii life cycle has been well characterized morphologically, the molecular events regulating life cycle progression have only recently begun to be defined (17, (53) (54) (55) . It is evident that while cell division cycle molecules have key roles in the proliferation of P. carinii, the unique requirements of P. carinii for life cycle progression suggest other regulatory mechanisms. For instance, P. carinii attachment to Type I pneumocytes promotes proliferation while C. albicans, S. cerevisiae, and S. pombe propagate independent of binding to a substrate. Second, P. carinii progresses through a cyst form which is critical for survival and necessary for life cycle progression (54, 56) . As such, when P. carinii-infected rats are treated with β-glucan synthesis inhibitors to prevent cyst formation, the infection is eliminated (56) . This is in contrast to budding and fission yeast haploid forms which utilize a mitotic cycle independent of forming an ascus, unless environmental conditions are unfavorable (57) . Although these differences need to be considered as the P.
carinii life cycle is investigated, a common feature found in all eukaryotic proliferation is a central regulatory role for cell-division-cycle gene products (16) . Therefore, it is very likely that these molecules are intimately involved in similarly coordinating P. carinii life cycle progression.
In a cell's response to environmental stimuli, signal transduction pathways are activated which eventually impact on the cell cycle machinery.
Cdc25 is a key regulator of several cellular processes including regulating entry into mitosis, meiotic phase transitions, and maintaining G2/M and S/M checkpoints in the response to DNA damage and incomplete DNA replication 
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